We present a first-principles investigation of the excited-state properties of electron acceptors in organic photovoltaics including C60, C70, [6,6]-phenyl-C61-butyric-acid-methyl-ester ([C60]PCBM), and bis-[C60]PCBM using many-body perturbation theory within the Hedin's G0W0 approximation and an efficient Lanczos approach. Calculated vertical ionization potentials (VIP) and vertical electron affinities (VEA) of C60 and C70 agree very well with experimental values measured in gas phase. The density of states of all three molecules is also compared to photoemission and inverse photoemission spectra measured on thin-films, exhibiting a close agreement -a rigid energy-gap renormalization owing to intermolecular interactions in the thin-films. In addition, it is shown that the low-lying unoccupied states of [C60]PCBM are all derived from the highest-occupied molecular orbitals and the lowest-unoccupied molecular orbitals of fullerene C60. The functional side group in [C60]PCBM introduces a slight electron transfer to the fullerene cage, resulting in small decreases of both VIP and VEA. This small change of VEA provides a solid justification for the increase of open-circuit voltage when replacing fullerene C60 with [C60]PCBM as the electron acceptor in bulk heterojunction polymer solar cells.
I. INTRODUCTION
Organic photovoltaics (OPV), especially bulk heterojunction (BHJ) type 1,2 , are becoming a very promising alternative to the traditional silicon solar cell technology since the former can provide renewable, sustainable, and low-cost clean energy 3-11 . The power conversion efficiency of BHJ-OPV has greatly improved over the last decade from 1% to more than 9% by tuning morphology and blending ratio [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , reducing interfacial power losses 24, 25 , increasing the range of light absorption with tandem cell architecture [26] [27] [28] [29] [30] [31] , optimizing energy levels, carrier mobility and optical absorption of low-bandgap polymers [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] and fullerenes and their derivatives 43, [49] [50] [51] [52] [53] [54] [55] , and improving device structures 56, 57 . In the BHJ type of OPV, low-band gap polymers not only serve as electron donors, but also play several important roles in exciton generation upon light absorption, exciton migration and recombination, and hole transport. Therefore, extensive efforts have been made to enhance sun-light absorption in polymers and increase open-circuit voltage (V oc ) by lowering the highest-occupied molecular orbital (HOMO) of polymers.
In contrast, fullerenes (C 60 , C 70 ) and their derivatives, such as [6, 6] -phenyl-C 61 -butyric-acid-methyl-ester ([C 60 ]PCBM) and bis- [C 60 ]PCBM are often used as electron acceptors in OPV due to their large electron affinities and high electron mobilities. It is known from experimental results that [C 60 ]PCBM not only improves the solubility of pure fullerenes but also helps increase the open-circuit voltage 58 . However, the fundamental mechanism of how the functional side group of [C 60 ]PCBM affects the V oc has not been fully understood yet. In principle, the maximum attainable V oc can be expressed as the energy difference between the LUMO level of the electron acceptor and that of the HOMO of the electron donor. It is therefore interesting to see if the theoretically predicted LUMO levels for electron acceptors can account for the difference in V oc reported in experiments.
A few theoretical works, based on density-functional theory (DFT), have been carried out in the past to look into the electronic structure of the above electron acceptors [59] [60] [61] leading to a good description of their structural properties. However, the evaluation through DFT of electronic properties such as quasi-particle (QP) energy levels yields results only in qualitative agreement with experiment. High-level quantum chemistry approach and many-body perturbation theory are stateof-the-art methods which can go beyond DFT and provide accurate predictions for excited-state properties. In the case of QP energies in charged excitations upon electron removal/addition, many-body perturbation theory within Hedin's GW approximation 62, 63 is the less computational demanding of the two.
The GW method has already been applied to fullerenes in some theoretical works [64] [65] [66] . Here, we use the recently developed many-body GW-Lanczos approach which is particularly effective in reaching numerical convergence [67] [68] [69] [70] [71] in large atomic structures without suffering from bottlenecks with respect to sums over a large number of empty Kohn-Sham orbitals. This allows us to calculate the electronic structure of the electron acceptors including C 60 , C 70 , [C 60 ]PCBM, and bis-[C 60 ]PCBM at both the DFT and GW level, and compare them with experimental photoemission results. Due to the difficulties in modeling extended and possibly nano-structured materials such as [C 60 ]PCBM, we focus here on the isolated molecular limit, addressing therefore changes in the position of LUMO levels rather than their actual values. Having validated the quality of our QP-energy levels we considered the differences in the maximum attainable V oc , with calculated V oc differences at the GW level found to be in agreement with experiment.
II. METHODS
Ground-state DFT calculations were performed using the pw.x code of the Quantum-ESPRESSO which is based on the planewave pseudopotentials scheme. We used orthorhombic supercells of 31. 60 ]PCBM. Atomic structures were optimized with residual force threshold of 0.026 eV/Å, and are displayed in Fig. 1 . We considered not only [C 60 ]PCBM in its lowest energy configuration, but also a local-minimum metastable structure with an energy of 0.29 eV higher than that of the ground-state structure. The GW QP-energy level E i for the i-th orbital is obtained in the so-called diagonal G 0 W 0 scheme through the solution of the following self-consistent single-variable equation:
where ψ i and i are the i-th Kohn-Sham orbital and its Kohn-Sham energy, V xc is the DFT exchange-correlation potential and Σ is the self-energy operator in the G 0 W 0 approximation. As the calculated G 0 W 0 QP energy levels depend upon the choice of the exchange-correlation functional in the starting DFT calculation, we calculated QP energy levels from both GGA-PBE and the localdensity approximation (LDA) exchange-correlation functional (LDA) in the Perdew-Zunger form (PZ) 73 . For the two sets of calculations we used the same PBE structural parameters. It is worth noticing that QP energy levels of occupied orbitals correspond to vertical ionization potentials (VIPs) while those of unoccupied ones correspond to vertical electron affinities (VEAs), which are closely related to the open-circuit voltage discussed later.
In order to remove artificial periodic image interactions, we employed truncated Coulomb potentials with a spherical radius cutoff of 15.9, 15.9, 9.6, and 9.6Å for C 60 60 ]PCBM was due to the smaller periodic simulation cell we adopted in order to cope with the larger computational cost for these larger systems. The GW calculations were performed with the GWL code described in Refs. 67, 68, 70, and 71. This approach permits calculations for relatively large atomic structures by expanding the polarizability operators on optimal basis sets. These were obtained using a parameter E * of 68.0 eV and a threshold q * of 1.0 a.u., resulting in 4381, 5645, and 7005 optimal polarizability basis elements for C 60 , C 70 , and PCBM, respectively. The slow convergence of summing over empty orbitals in conventional GW implementations are completely avoided by using a Lanczos chain approach. Here chains of 20 Lanczos steps were applied for the polarizability operators and chains of 120 Lanczos steps were used for the self-energy expectation values. Those were first evaluated on the imaginary energy axis and then analytically continued onto the real one by fitting with a two-pole expansion. Fitting with a three-pole expansion or changing the energy range in the fitting yielded differences of less than 50 meV for the energy levels of frontier orbitals. We estimate a computational accuracy of 0.1 eV for the calculated QP levels with respect to the vacuum level.
III. RESULTS
In Tables I and II we compare the calculated VIPs and VEAs of C 60 and C 70 with experimental data. In these two cases, it has been possible to resolve single lines in the experimental photoemission spectra other than the first VEA and VIP. Thanks to the lower symmetry of We display in Figs. 2 and 3 the electronic density of states (DOS) of the five electron-acceptor molecules, calculated with G 0 W 0 @LDA and G 0 W 0 @GGA, respectively, and compare them with direct and inverse photoemission data without peak alignment, albeit neglecting any oscillator strength effect in the calculation. We can see that both G 0 W 0 @LDA and G 0 W 0 @GGA give a good description of the photoemission spectra. It is worth noting that the lower parts of the conduction DOSs are mainly due to bound orbitals, and they are well described by isolated molecules as can be seen from their excellent agreement with inverse photoemission. In addition, the electronic band gap of thin films is strongly reduced in the bulk with respect to the gas-phase, due to the large dielectric screening.
The overall good agreement together with the fact that the main difference with respect to experiments can be described as a rigid shift of the HOMO-LUMO gap by less than about 0.3 eV supports the quality of GW results for further investigations of variations in V oc .
IV. Voc AND THE ROLE OF FUNCTIONAL SIDE GROUP OF PCBM
In actual devices the experimental open-circuit voltage depends not only on the conditions during the measurements (e.g. illumination) but also on the geometry of the cells and the morphology of their constituents. Here, we address only the maximum attainable V oc which, in a single particle picture, is determined by the energy difference between the LUMO level of the electron acceptor and the HOMO level of the electron donor while neglecting structural relaxations accompanying charged excitations. The first corresponds to minus the first-VEA of the acceptor and the latter to minus the first-VIP of the donor. Consequently, V oc = first-VIP (donor) − first-VEA (acceptor). Here, we focus only on the differences in the maximum attainable open-circuit voltage, ∆V oc (A|B), between electron acceptor A and B. That is, ∆V oc (A|B) = V oc (A) − V oc (B). Therefore, the comparison with experimental V oc 's would be meaningful only for similar devices.
We report in Table VI the differences in the maximum attainable open-circuit voltages, ∆V oc (A|B). We see that GW can reproduce fairly the experimental ∆V oc for [C 60 ]PCBM while DFT overestimates it. The difference in LUMO energy between C 60 and [C 60 ]PCBM is small, which can be traced back to the fact that the low- est unoccupied orbitals of [C 60 ]PCBM are derived from the C 60 three-fold degenerate LUMO. Similarly, the highest occupied orbitals of [C 60 ]PCBM are derived from the C 60 five-fold degenerate HOMO. These orbitals are displayed in Fig. 4(a) where one can appreciate their localization on the C 60 group. As highlighted from the Löwdin charge analysis 82 displayed in Fig. 4(b 70 . In this case, both DFT and GW indicate a smaller V oc while experimental V oc shows almost no variation. This must be ascribed to using an isolated molecule approximation, since DFT and GW reproduce well the VEA of C 60 and C 70 molecules and their order. More accurate results would require the modeling of bulk materials and interfaces.
V. CONCLUSIONS
GW approaches are very promising for determining the main physical characteristics of polymer solar cells. The isolated molecular limit adopted in this work gives overall good results, in particular for the [C 60 ]PCBM and bis-[C 60 ]PCBM using the G 0 W 0 @GGA scheme. The moderate LUMO up-shift of bis-[C 60 ]PCBM with respect to [C 60 ]PCBM results into a higher V oc , in reasonable agreement with experiments. These results lead us to expect that more accurate agreement may be obtained by direct modeling of bulk photovoltaic materials and interfaces using the GW-Lanczos approach, which is particularly suitable for large systems. Finally, the comparison between ground-state [C 60 ]PCBM and metastable [C 60 ]PCBM demonstrates that the intrinsic morphological difference can have significant effects on the opencircuit voltage, providing a theoretical confirmation of morphology as an important factor in organic photovoltaics.
